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Chapter 5 

 

Dynamic and static tribological properties of micropatterned DLC under 

different humidities 
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5.1 Introduction  

 

Sliding friction occurs in a large number of technological processes and in 

everyday life [7]. Developing a deep understanding of its mechanisms is important 

in our search for ways to control or minimize friction and wear between sliding 

surfaces. In this Chapter we focus on sliding friction when one of the two surfaces 

has a hydrogenated DLC coating. In order to define the precise regions where the 

DLC coating makes mechanical contact, we micropatterned our DLC-coated 

samples with cylindrical mesas, similar to the ones discussed in Chapter 4. In 

Chapter 5, we concentrate on the dependence of friction on two parameters, 

namely the sliding velocity and the humidity of the air. 

Sliding friction is usually considered to be independent of velocity. Charles 

Coulomb (1736-1806) postulated this in his law of dry friction, stating that “when 

two solid bodies are in contact, the force required to produce sliding between them 

is proportional to the normal force acting in the plane of contacts” [37]. In 

mathematical terms, 

 

𝐹𝑓 = 𝜇𝑑𝐹𝑁 ,      (5.1) 

 

where 𝐹𝑓 is friction force, 𝐹𝑁 is the normal load and 𝜇𝑑 is the coefficient of 

sliding, or dynamic friction. Indeed, in this so-called Amontons-Coulomb law [77], 

𝐹𝑓 does not depend on sliding velocity. However, over the past decades, careful 

studies demonstrated that friction does depend on sliding velocity and that this 

law oversimplifies the interaction between the sliding objects [31, 32, 38, 39]. Both 

on the nano- and on the macroscale, certain materials exhibit a decrease of the 

coefficient of friction with increasing velocity [6,34,35]. Other materials, on the 

other hand, show an increase [31-34], while there are also materials for which the 

friction coefficient varies non-monotonically with velocity [32,35,40]. A near 

velocity-independence was demonstrated for an AFM tip sliding over amorphous 

carbon, diamond and HOPG surfaces [41]. The differences in behavior derive from 

different material properties, in particular from differences in the structure and 

composition of the surfaces and their interaction with the environment. Effects that 

play a role are for example the aging of contacts [46,42,44], plastic and elastic shear 

of asperities [43,45,47], hydrodynamic effects such as the viscous behavior of 
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adsorbed water necks and lubrication layers [14,23,40,48], and tribochemical effects 

[e.g. 35]. It has also been shown that even at room temperature, capillary 

condensation of adsorbed water between e.g. a metal tip and a graphite surface can 

lead to the formation of ice, which significantly increases the friction force between 

them at low velocities [24, 25]. 

Friction phenomena on DLC are also complex. First of all, they should be 

always described as a three-body contact problem. A third-body is not only a layer 

of particle debris and other wear products created during sliding between the 

contacting surfaces, but it can also be adsorbed vapor [1, 63]. Depending on the 

surface and interfacial energies, capillary bridges can be created between surfaces 

that are either in contact or close to contact [3-6, 22]. Viscous shear of capillaries 

can dramatically alter the friction and wear properties both on the nano- [6, 13, 14, 

23] and on the macroscale [8-12]. Depending on hydrophilicity of the surfaces and 

their roughness, the friction force can display either increasing or decreasing 

behavior as a function of e.g. sliding speed and relative humidity [16-21]. 

However, at present there is still much controversy on the general effects of 

velocity and relative humidity on friction properties of DLC coatings.  

In this study, we consider how particle debris formed during the run-in 

period plays a major role in the lubrication of the interface between a sliding object 

and the DLC surface. In this context, we also take into account the influence of 

capillary forces acting between them [2, 15]. Tribochemical reactions on the DLC 

might affect the friction coefficient differently under different atmospheric 

conditions [11, 14, 26-28]. Here, we discuss experiments on the sliding-velocity-

dependence and the aging of contacts at different levels of relative humidity on 

micropatterned samples with a-C:H DLC coatings.  
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5.2 Experimental 

 

The experimental details were thoroughly discussed already in Chapter 4. In 

summary, Dylyn a-C:H DLC coatings were applied by means of magnetron sputter 

deposition on pre-polished SiSiC substrates. On the coated surfaces, we measured 

a contact angle for water of 85°, so our particular DLC coating should be 

considered partially hydrophobic.  

Our friction measurements were performed with a Bruker Universal 

Mechanical Tester (UMT), described in detail in Chapter 4. The role of the counter-

surface was played by a 2-inch diameter silicon wafer, 250 µ𝑚 thick. The weight of 

each wafer of approximately 12 𝑚𝑁 served as the normal force in the sliding 

experiments. The contact angle of water with the wafer, covered with its native 

oxide SiO2, was measured to be 36° (strongly hydrophilic). The wafers were used 

directly from the supplier [76], where they had been pre-packed under cleanroom 

conditions, so that no further cleaning was needed, prior to the experiments.  

In our experiments, the relative humidity (RH) was measured close to the 

substrate position with a hygrometer, Vaisala HM40 [78]. The RH value could be 

varied between 1.5 and 90% (at room temperature, 22°𝐶) by means of a flow of a 

controlled mixture of dry nitrogen and humid air through the microscope 

chamber. 

 

5.3 Experimental results  

 

Figure 5.1 shows the result of the measurement of the dependence of the 

coefficient of friction on sliding velocity. Prior to the test, the DLC-coated substrate 

was ‘run-in’ against a silicon wafer, until the COF had settled at a low value of 0.08 

(described in detail in Chapter 4). The measurements were performed under three 

different levels of RH: 1.7% (dry), 35% (‘regular’) and 88% (humid). The sliding 

velocity of the silicon wafer with respect to the DLC-coated substrate was 

gradually varied over a wide range, from 200 𝑛𝑚/𝑠𝑒𝑐 to 1 𝑚𝑚/𝑠𝑒𝑐 (1 µ𝑚/𝑠𝑒𝑐 ÷

 2 𝑚𝑚/𝑠𝑒𝑐 in the case of 𝑅𝐻 = 1.7%). The maximum driving velocity of 2 𝑚𝑚/𝑠𝑒𝑐 

of the UMT was set by its limited stroke length. The minimum driving velocity was 

limited by the minimal step of the rotary drive, and was equal to 100 𝑛𝑚/𝑠𝑒𝑐. For 

each set of measurements over a range of velocities at the given RH a new silicon 
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wafer was used. For each combination of humidity and velocity, three 

measurements were performed along the same stroke direction and the average 

value of COF was calculated. Thus, a typical error margin for each data point is 

about 2% of its average value. The COF-values determined at dry conditions 

(𝑅𝐻 = 1.7%) show a nearly logarithmic dependence on velocity over the full 

velocity range. At higher RH levels, the low-velocity data points deviate from the 

logarithmic behavior (marked with ovals in Fig. 2.1). For 𝑅𝐻 = 35%, a minor 

deviation is observed in the range of 200 𝑛𝑚/𝑠𝑒𝑐 to 5 µ𝑚/𝑠𝑒𝑐, while the COF is 

almost constant at 𝑅𝐻 = 88% between 200 𝑛𝑚/𝑠𝑒𝑐 and 20 µ𝑚/𝑠𝑒𝑐. A logarithmic 

increase of the friction coefficient with the sliding velocity is in qualitative 

agreement with friction studies between partially hydrophobic surfaces and the 

hydrophilic native oxide of silicon [6, 33].  
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Figure 5.1. Dynamic coefficient of friction as a function of sliding velocity between silicon wafers and a 

DLC-coated SiSiC substrate. Measurements were carried out at three different humidity levels, 𝑅𝐻 = 1.7%, 35% 

and 88%. The normal load of 12 𝑚𝑁 was fixed by the weight of the wafers.  
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As Figure 2.1 shows, the frictional behavior of the DLC/SiO2 interface 

appears to be rather sensitive to the RH level. To explore this in more detail, we 

carried out a series of measurements at certain constant velocities as a function of 

RH. Figure 5.2 shows the dynamic COF versus RH at 1 µ𝑚/𝑠𝑒𝑐, 10 µ𝑚/𝑠𝑒𝑐 and 

100 µ𝑚/𝑠𝑒𝑐. For each velocity, a series of measurements was performed while we 

gradually made RH increase from 2% to 90% and then made it reduce back to 

35%. Each data point in Figure 5.2 represents the average value of three 

consecutive measurements at the same combination of velocity and RH level. No 

hysteresis was observed between the measured values of the friction coefficient 

upon the gradual increase or decrease of RH. The corresponding curves are plotted 

on a logarithmic RH-scale in order to emphasize the ‘abruptness’ of the reduction 

in COF at higher RH-values for all three velocities. This occurs around 𝑅𝐻 = 55%, 

independent of the velocity. For each velocity, the COF is high and almost constant 

at RH levels below this value.  
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Figure 5.2. Dependence of the dynamic COF between silicon wafers and a DLC-coated SiSiC substrate on 

the relative humidity RH at three different sliding velocities.  
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Another sensitive quantity that we can determine in our experiments is the 

static friction coefficient 𝜇𝑠, which is defined as the ratio between the minimum 

tangential force 𝐹𝑠 = 𝜇𝑠𝐹𝑁 one needs to apply in order to initiate the relative sliding 

of two objects and the normal force 𝐹𝑁 between them. Usually 𝜇𝑠 > 𝜇𝑑 (Fig. 5.3). 

For various materials µ𝑠 increases quasi-logarithmically with the ‘age’ of the static 

contact τ prior to sliding µ𝑠(𝜏) ≈ 𝜇𝑠
0 + 𝛽𝑠 ln(𝜏), where 𝛽𝑠 is a coefficient specific for 

contacting materials and temperature, and 𝜇𝑠
0 is the static threshhold base value 

[43].  
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Figure 5.3. An example of the lateral force between two solid surfaces, in this case a Si wafer sliding over 

a DLC surface (Chapter 4), as a function of time at the beginning of a sliding experiment. After an initial period, 

during which no lateral force is exerted on the contact (rest), a lateral force is accumulated (loading). When this 

exceeds the static threshold level 𝐹𝑠
𝑚𝑎𝑥 = 𝜇𝑠𝐹𝑛, sliding starts, after which the lateral force reduces to the dynamic 

value of 𝐹𝑑 = 𝜇𝑑𝐹𝑛. Note, that in the example shown here, the system goes through one additional stick-slip cycle 

before truly steady sliding sets in. 

 

Figure 5.4 represents the dependence of the static coefficient of friction µ𝑠 on 

contact aging time, i.e. the time spent by the silicon wafer in rest on the 

micropatterned DLC substrate, prior to sliding. These measurements of the static 
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COF were carried out at three different RH levels, 0.66%, 35% and 90%. During 

the dwell time, the pusher of the UMT always remained engaged with the silicon 

wafer (arrested contact), while the lateral force was measured to decrease slowly in 

time due to relaxation at the interface, before reaching a certain constant 

equilibrium value [e.g. 47]. After this dwell time, the pusher was put into motion at 

a velocity of 20 µ𝑚/𝑠𝑒𝑐, which made the lateral force increase at a rate of 1.5 𝑚𝑁/

𝑠𝑒𝑐 to the static lateral force maximum 𝐹𝑠
𝑚𝑎𝑥 . At this point the silicon wafer would 

be set into motion, which would make the lateral force reduce to the dynamic 

friction force level 𝐹𝑑. For each 𝜇𝑠 value in Fig. 5.4, we used the average of three 

measurements of 𝐹𝑠
𝑚𝑎𝑥 . 

Over the explored range of aging times 1 ≤ 𝜏 ≤ 500 𝑠, in Figure 5.4, the data 

at the lower two RH-values show a weak logarithmic dependence of the static 

COF. Whereas 𝜇𝑠 decreases under dry conditions, for 𝑅𝐻 = 0.66% (the fit is for 

𝜇𝑠  = 0.11 − 2.91 × 10−4𝑙𝑛(𝜏), with 𝜏 expressed in seconds), it increases at 𝑅𝐻 =

35% (the fit is for 𝜇𝑠 = 0.10 + 7.76 × 10−4𝑙𝑛(𝜏)). Under very humid conditions (RH 

= 90%), µ𝑠 is found to increase logarithmically with the aging time only above 

approximately 20 𝑠𝑒𝑐 (marked as II in Fig. 5.4). For shorter aging times (below 

20 𝑠𝑒𝑐, marked as I), we find only a very modest slope of the logarithmic increase 

of µ𝑠.  
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Figure 5.4. Dependence of static friction coefficient on contact aging time 𝜏 at three different values of 

RH, for silicon wafers on DLC-coated SiSiC substrates. The normal force of 12 𝑚𝑁 was set by the weight of the 

wafers. The static force maximum was measured at a rate of lateral force increase of 1.5 𝑚𝑁/𝑠. 

 

5.4 Discussion 

 

Opposite to our observations, many other studies have found an increase in 

friction of a-C:H DLC with increasing humidity [e.g. 18, 52, 58, 59, 75]. Only a 

modest number of papers report a decrease, similar to our findings for 

hydrogenated DLC films [81, 64, 57]. Most studies agree that under dry conditions 

a-C:H films remain largely inert [27]. The presence of hydrogen leads to extremely 

weak adhesion [29, 30] in interfaces that involve hydrogenated DLC films, so that 

extremely low friction coefficients can be achieved [82]. Hydrogen added to the 

DLC film can saturate the dangling σ-bonds of carbon atoms [18]. Similarly, it can 

suppress the number of C=C double bonds (particularly π-π* interactions). 

However, when the DLC-lubricated contacts are exposed to high humidity levels, 

in many cases the friction properties exhibit significant changes. Often, for 

𝑅𝐻 > 40%, the friction coefficient and the wear rate are found to rapidly grow. 

Most of these observations can be associated with tribochemical oxidation of DLC 
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films during the friction process at elevated humidity. Based on X-ray 

photoelectron spectroscopy analysis (XPS), Li et al. [58] proposed a model to 

explain the transformation of initially chemically inert hydrogenated DLC into an 

oxygen-containing surface. They suggest that the increased adsorption rate of 

water molecules on the DLC surface at high humidities increases the probability of 

water chemisorption at the surface sites were C-H bonds are mechanically broken 

by the high shear stresses that develop locally during sliding. As a consequence, C-

OH and C-O groups may be formed. Further breaking of C-H bonds will provide 

the electrons required to form C=O on the DLC surface, which leads to the 

accumulation of a thin oxide layer on the contacting elements. In turn, this leads to 

a rapid increase of the friction coefficient. On top of this, water can adsorb on the 

oxide surface, introducing strong dipole interactions that increase the adhesive 

forces between the sliding surfaces [28]. 

In our study, the DLC coatings show the highest dynamic (sliding) friction 

coefficient µ𝑑 = 0.11 at high velocities under dry conditions (𝑅𝐻 = 1%) and reach 

the lowest value µ𝑑 = 0.04 at low velocities under humid conditions (𝑅𝐻 = 90%). 

A significant lowering of the friction coefficient is observed at 𝑅𝐻 = 55% ± 4% 

(Fig. 5.2). In our study, the measurements carried out at different RH values and at 

different velocities were completely reversible, i.e. the accompanying changes in 

the COF were instantaneous and free of hysteresis. This strongly suggests that in 

our case the interaction of the coating with water vapor has a purely physical 

adsorption character, rather than involving water-induced chemical changes in the 

coating that would be necessarily accompanied with an intrinsic timescale and a 

hysteretic tendency. Even though the chemical composition of our hydrogenated 

DLC coatings is very similar to that of DLC coatings for which friction 

measurements have been reported before in the literature [17, 18, 27, 57], our 

observations show systematic differences. These must find their origin in other 

differences in our experimental setting, in particular in our special flat-disk-on-

rough-mesas contact geometry, and in our combination of modest sliding velocities 

and a relatively low normal load. By contrast, most of experiments in this field are 

conducted with balls and pins sliding over DLC-coated substrates under 

conditions that are relevant for the automotive industry: high normal loads and 

high velocities. Also the typical sliding distances in most experiments are relatively 

large. Hence the surface of the sliding ball or pin may be in contact at each stage of 



107 

the sliding process not only with parts of the transfer layer [21 and 83], but also 

with fresh parts of the DLC surface, which could make the interface sensitive to the 

chemical, e.g. oxidation state of the DLC surface.  

We used micropatterned DLC substrates in combination with flat silicon 

wafers as the counter-surface. Similar to other studies, we find a clear correlation 

between the presence of third-body C-based particles on the DLC film, and the 

reduction of the dynamic friction coefficients [e.g. 60]. As we demonstrated with 

our Raman spectroscopy measurements (Chapter 4), these particles (and some 

asperities) have a short-range disordered microstructure, similar to that of 

disordered graphite. Our flat-on-rough-mesa interface geometry guarantees that 

the highest protrusions on the DLC-surface, which are either asperities on the 

DLC-coating itself or high-lying third-body particles, remain in continuous direct 

mechanical contact with the flat silicon counter-surface, more or less 

independently of the sliding velocity and the humidity. This is very different from 

the more common rough-on-rough situation, in which each local contact has a 

typical ‘lifetime’ that is determined by the ratio between its size and the sliding 

velocity. In our situation, the contacts are ‘fixed’ and their lifetime is practically 

infinite! Obviously, this may have distinct implications for the dependence of the 

friction force on velocity and on humidity. 

First, at the beginning of sliding, the decomposed loose particles reduce 

friction due to weak van der Waals interaction, thus low adhesion, between their 

hydrogen terminated surfaces. Here we assume that a water film is adsorbed on 

the hydrophilic native silicon oxide surface and that this water film reduces friction 

by keeping the surfaces out of direct mechanical contact. As sliding proceeds, more 

and more C-H bonds on the particles rupture. This happens under the high contact 

pressure, the high shear stresses and the generation of thermal energy during 

sliding. This leads to the thermally activated release of H atoms and, hence, the 

rapid decrease of the total hydrogen content in each particle and its (partial) 

graphitization [57, 63]. As a result, the particles and other sp2-modified areas will 

develop micro-ordered low-energy surfaces [62]. Whereas these surfaces can be 

extremely slippery, the dangling bonds (free σ-bonds) at the edges of the newly 

created sp2 clusters can engage in new bonds that lead to pinning of the clusters 

and pinning of the water that is sliding over them. When the humidity is not too 

low, the dangling bonds are re-passivated with H-atoms and OH-groups, 
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originating from water molecules that dissociate at the reactive edges [79, 80]. At 

high enough humidity, water will form an adsorbed layer that separates the 

contacting surfaces and thus acts as a lubricant [49, 61]. A similar water lubrication 

action is associated with non-hydrogenated DLC [51, 64]. We also cannot exclude 

the possible oxidation of the DLC film at higher humidity, as was reported in [58]. 

On the other hand, if an oxide layer was formed on the DLC surface, this should 

result in a new run-in phase of the DLC, thus increase of the friction coefficient 

[17]. Our observations do not provide strong arguments in favor of the formation 

of an oxide layer on our DLC layers, because the friction coefficients measured in 

this study were completely reversible with respect to changes in RH.  

In addition to the lubrication of sp2 clusters, water can also play other roles. 

Firstly, pristine hydrogenated DLC has partially hydrophobic properties and its 

friction behavior is almost independent of RH [13]. At the same time, the first 

monolayer of water molecules that are strongly bonded to the silicon counter-

surface are not likely to be pressed out of the contact [23, 33, 34]. Instead, the water 

film will be sheared across the DLC surface during sliding, again keeping the 

surfaces out of direct mechanical contact. Secondly, the graphitization of particles 

and the contacting asperities on the DLC coating leads to the existence of 

hydrophilic ‘islands’. Therefore, we expect these crucial regions on the DLC side to 

engage in capillary effects. The viscoelasticity of the confined water in the capillary 

bridges between these regions and the silicon surface may affect both the dynamic 

and the static friction behavior [6, 13, 32, 33]. We can only conclude that, 

depending on the history of the sliding contact and the conditions under which a 

sliding experiment is conducted, each individual experiment may display its own 

combination of lubricating and pinning properties of water. An artist impression 

that captures some of this complexity of the interface between a rough DLC 

substrate and an oxide-covered, smooth silicon wafer, in the presence of wear 

particles and in a humid atmosphere, is presented in Fig. 5.5. 
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Figure 5.5. Artist impression of the interface between a rough DLC coating (bottom surface) and a 

smooth, oxide-covered silicon wafer (top surface) in a humid atmosphere. For simplicity, the third-body particles 

that have been formed during the run-in phase of the contact, are presented as spherical objects. We distinguish 

two types of contacts, namely direct contacts between the DLC and the wafer and contacts via one of the particles. 

Both types are decorated by capillary water bridges. 

 

In Fig. 5.2 we showed how the dynamic friction coefficient 𝜇𝑑 varies with 

humidity at three fixed velocities. For example, at a velocity of 1 µ𝑚/𝑠𝑒𝑐, 𝜇𝑑 has 

values as low as 0.05 at 𝑅𝐻 = 80% and as high as 0.09 at 𝑅𝐻 = 1.7%. The 

corresponding friction force curves (Fig. 5.6), also show a qualitative difference in 

the sliding behavior. We observe that at the lower humidity the friction exhibits 

much stronger variations than at higher humidities. At higher RH, a modest, stick-

slip-like periodicity is visible. Also the initial sliding behavior differs. The curves 

for low- and medium-RH in Fig. 5.6 start almost at the same lateral force of 

0.95 𝑚𝑁. This is mainly due to the minor difference between the static coefficient of 

friction at low-RH and medium-RH (Fig. 5.2). Moreover, the waiting time prior to 

the actual pushing and measurement in the both cases was longer than 300 𝑠𝑒𝑐. 

Such waiting time is necessary for stabilization of RH in the test chamber. It is only 

after sliding over a distance in the order of 10 𝜇𝑚, that the humidity-dependent 

differences are fully established.  
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In an attempt to explain the curves in Fig. 5.6, we first concentrate on the 

low-RH data. The noise on the lateral force at 𝑅𝐻 = 1.7% suggests that the contact 

geometry is not completely stationary. This could mean that the third bodies are 

translated over the DLC surface under the influence of the shear forces that they 

experience [33, 42 and 47]. It is not surprising that this situation leads to stronger 

energy dissipation, hence higher friction levels [32]. The absence of this effect at 

somewhat higher RH-levels could be due to the presence of capillary bridges that 

connect these particles to the DLC substrate, in spite of the fact that neither the 

substrate nor the particles are fully hydrophilic. As we have already seen in Fig. 

2.2, almost independently of the sliding velocity, water starts to significantly 

lubricate the surface at an RH-level around 55%. This is in good agreement with 

the known adsorption kinetics of water on graphitic materials [49, 50 and 84]. The 

buildup of water between the DLC (third bodies and asperities) and the silicon 

would then explain the dramatic lowering of the friction between 𝑅𝐻 = 35% and 

80%.  
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Figure 5.6. Lateral forces measured between a DLC-coated SiSiC substrate and a silicon wafer in three 

sliding traces at a fixed velocity of 1 µ𝑚/𝑠𝑒𝑐 at RH-values of 1.7%, 35% and 80%. The normal load was 12 𝑚𝑁 

in all three cases. The horizontal axis indicates the lateral position of the push bar; the precise starting point of the 

actual sliding motion of the silicon wafer was different for every curve. 

 

We now revisit the measured dynamic (Fig. 5.1) and static (Fig 5.4) friction 

coefficients in an attempt to make a direct comparison between the two. A natural 

way in which the two are often related is via the average lifetime of microcontacts, 

which equals the ratio between the average diameter of microcontacts and the 

sliding velocity [47]. For those phenomena that are a function of contact time, such 

as capillary condensation over existing contacts and near-contacts or elastic and 

plastic creep, this average contact lifetime then plays a similar role as the waiting 

time does for static friction. With respect to the microcontact lifetimes, the situation 

in our experiments seems fundamentally different. The lifetime of our 

microcontacts is extremely long as a direct consequence of the geometry of our 

experiments, in which one of the two contacting bodies, the silicon wafer, is nearly 

perfectly flat. However, when the third bodies on the DLC side can move, as we 



112 

have argued for the low-RH data in Fig. 5.6, the arrangement of microcontacts is no 

longer stationary and a new type of lifetime is introduced. 

In our experiments, the details of the measurement technique introduce a 

direct link between static and dynamic friction measurements. The driver motor 

that is used in our UMT to generate the sliding motion is a linear stepper motor. 

On the microscale, its motion is not continuous but is composed of periodic 

translations, the minimum step size being 100 𝑛𝑚, separated by stationary 

intervals. Therefore, we can interpret our dynamic friction measurements as 

measurements of the static friction force after a short waiting time. This allows us 

to combine the data in the two graphs of Figs. 5.1 and 5.4 into a single one, in 

which we can express the control parameter either in terms of the effective sliding 

velocity or the effective waiting time. The result of this combination is shown in 

Fig. 5.7.  
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Figure 5.7 shows that at all three RH levels, the friction force decreases with 

increasing waiting time (or decreasing sliding velocity) up to a transition point 

around a waiting time of 1 𝑠𝑒𝑐. For the lower two humidities of 𝑅𝐻 = 1% and 35%, 

𝜇𝑑 remains nearly constant for all waiting times longer than 1 𝑠𝑒𝑐. For the higher 

humidity of 90%, we find that longer waiting times lead to increasing 𝜇𝑑 values. 

As already discussed in relation to the friction curves in Fig. 5.6, we interpret the 

low- and medium-RH data in terms of the sliding-induced translation of third 

bodies over the DLC substrate. In this interpretation, capillary condensation serves 

to attach the third bodies to the DLC, which progressively fails at shorter waiting 

times and lower humidities [6, 55, 65-67]. The factor 35 between the lower two RH-

values corresponds with the roughly equally large ratio between the timescales of 

the friction data in Fig. 5.7 for 1% and 35% humidity, completely in support of this 

scenario. A similar scaling can only account for part of the difference between the 

90% data and those at the lower two humidities of 35% and 1%. What this 

scenario also fails to explain is the marked increase of friction at 𝑅𝐻 = 90% for 

longer waiting times.  

In wet environments, such as 𝑅𝐻 = 90%, water menisci nucleate from water 

vapor between the DLC substrate, with its asperities and nanoscale third-body 

particles, and the silicon wafer (Fig. 5.5). This nucleation process should occur on a 

very short time. The typical timescale for the condensation of one layer of water 

molecules at room temperature and at a humidity of 𝑅𝐻 = 65% is an estimate of 

25 µ𝑠 [6]. Therefore, we should expect that only a limited number of DLC-silicon 

contacts is decorated with a condensate, when the waiting time is short [68]. The 

geometry and size of each fully established capillary neck is dictated by the Kelvin 

relation [70]. When the waiting time is increased, the number of capillary bridges 

and, hence, the total water-decorated area will increase. A detailed discussion of 

the kinetics of the formation of capillary bridges can be found in e.g. [55, 68]. 

Liquid bridges introduce significant adhesion and thereby reduce the mobility of 

the third-body particles between the sliding surfaces in humid air. When the 

sliding velocity is increased, the capillary bridges will be increasingly sheared and 

even fully developed bridges may not remain intact. The shearing of the capillary 

bridges may be accompanied by the repeated breaking or melting of crystallized 

water layers inside the capillaries, as ice is known to form at low sliding speeds, 

even at room temperature [24]. When a capillary bridge is destroyed, a new one 
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cannot be formed immediately to replace it, because of the nucleation barrier that 

is involved in the start of a new capillary bridge [6, 71]. Around a certain critical 

sliding velocity 𝑣𝑐, the effective size of the sheared capillaries is optimally reduced 

by the sliding motion for them to minimize the viscous contribution to the friction 

force, while maintaining the beneficial effect of the water in binding the third-body 

particles to the DLC. This results in a plateau of low friction around 𝑣𝑐 = 1 µ𝑚/𝑠𝑒𝑐 

at 𝑅𝐻 = 90% and a narrow minimum at the same velocity for 𝑅𝐻 = 35% and 

𝑅𝐻 = 1%, as shown at Fig. 5.7.  

Finally, we note that the friction at the nanoscale contacts could be affected 

by thermal activation, similar to what has been reported for the low-friction sliding 

of FFM tips over surfaces [56, 72,74], and what was one of our motivations for 

manufacturing the nanopillar structures of Chapter 3. At sufficiently low velocities, 

thermal fluctuations can assist the tip in overcoming the energy barriers that 

separates it from the neighboring energy minima in its interaction with the surface 

over which it is sliding. This phenomenon is called thermolubricity. At higher 

sliding velocities, less time is available for this role of thermal fluctuations, which 

renders this effect less successful and makes the friction force an increasing 

function of velocity. All experiments in this chapter were performed at room 

temperature. More experiments are currently underway to explore the influence of 

temperature on friction properties of the investigated DLC-silicon interface. We 

expect that elevated temperatures can strongly influence the friction coefficient not 

only through thermolubricity, but possibly also via thermally activated water 

desorption from the contact areas [14] and thermally activated rupture of contacts 

due to their spontaneous unbinding [53]. 

 

5.5 Conclusions 

 

We have shown that the friction properties of hydrogenated DLC coatings in 

dry and humid environments are surprisingly different from common tribological 

behavior of this type of coatings. We ascribe this difference largely to the unusual 

geometry of our experiment; in our measurements, most microcontacts do not 

leave the actual sliding interface, which is due to the combination of the 

micropatterned DLC substrate and the flat, silicon counter-surface. This geometry 

accelerates the run-in process and assists the DLC-induced lubrication. In the first 
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part of this chapter, we have shown that the run-in leads to two types of 

modification of the DLC surface, namely the accumulation of carbon-based third 

bodies and a bonding reconfiguration of these wear particles and of the asperities 

of the DLC; both exhibit a change from sp3 to sp2 bonding character, i.e. from 

diamond-like to graphite-like. Here we have further shown that water adsorbed 

from a mildly humid environment can play a lubricating role for the graphitized 

DLC clusters at low sliding velocities, which we associate with capillary 

condensation of water between them and their DLC substrate. At high humidities, 

friction is lowered even further, suggesting a hydrodynamic contribution, i.e. 

water acting directly as a lubricant, for example due to the formation of capillary 

bridges between the oxidized silicon surface and the surfaces of the graphitized 

DLC particles and DLC asperities.  
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